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The LHC offers a unique opportunity to investigate an ample spectra of phenomenous ranging 
from the Electro- Weak (EW) to the QCD sector of the Standard Model (SM). Among the quantities 
which can be measured in the LHC experiments are the CP and production asymmetries for several 
particles in a wide variety of decay modes. In this work we discuss about the interplay between 
production and CP asymmetries for particles produced in proton-proton interactions and the effects 
of one on the measurement of the other. This kind of effects are not present in flavor symmetric 
machines like the Tevatron or e + — e~ colliders. 



PACS numbers: 11.30.Hv, 11.30.Er, 25.75.Dw 

I. INTRODUCTION 

Particle-antiparticle production asymmetries have 
played an important role in the understanding of the 
hadronization mechanisms of partons in high energy 
hadron-hadron interactions. Today there exist copious 
experimental evidence jT] indicating that produced par- 
ticles sharing valence quarks with the initial hadrons are 
produced at a different rate than particles sharing none. 
In fact, the so called leading particle effect, which is re- 
sponsible for the particle-antiparticle production asym- 
metry, has firmly established the role of the recombina- 
tion mechanism in hadron production [5] in high energy 
interactions. Those studies have also given important 
insights on the structure of the initial hadrons [3] . 

So far, particle-antiparticle asymmetries, both as a 
function of the transverse momentum, p\, and as a 
function of the scaled longitudinal momentum, xp = 
2pl/V~S, of the produced particles, have been measured 
in the range of a few tenth of GeV center of mass (cm.) 
energies [1] , and mostly in the production of strange and 
charm hadrons. With the advent of LHC, it could be 
interesting to measure such particle-antiparticle produc- 
tion asymmetries at highest cm. energies to understand 
to which extent the ratio between the fragmentation and 
recombination mechanisms in the hadronization is de- 
pendent on the cm. energy. Furthermore, since beauty 
hadron production asymmetries have not been measured 
at all, it could be interesting to investigate also the role 
of the leading particle effects by itself in this case. How- 
ever, in the case of beauty meson production, as mesons 
are detected and measured through their decay products, 
CP asymmetries and mixing effects can affect the deter- 
mination of the production asymmetries, thus spoiling 
the study of the hadronization mechanisms. Conversely, 
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particle-antiparticle production asymmetries can be an 
important effect, polluting weak interaction effects, in 
the measurement of quantities involving the comparison 
of particles decays with their charge conjugate ones in 
machines such LHC, which are not symmetric with re- 
spect to particle and antiparticle production. Thus, the 
above mentioned effects can be important in the determi- 
nation of mixing parameters in the B^, — B ° d ^ s system, 

CP asymmetries in B ± and B^,/B JL g decays, etc. Fur- 
thermore, the LHCb Collaboration [J] has an extensive 
program to measure D° — D mixing and possible CP 
violation asymmetries in the charm sector of the Stan- 
dard Model. Since those effects are expected to be small, 
thought much smaller than production effects, then the 
interplay between the production and CP asymmetries 
has to be very well understood in order to measure the 
later with significative precision . 

In this work we shall discuss about how the measure- 
ment of meson production asymmetries are affected by 
CP asymmetries and mixing effects and viceversa, for 
mesons produced in p — p collisions. Along the text the 
discussion will be focused in B-meson production, but 
most of it is directly applicable to D-meson production. 



II. B-MESON PRODUCTION ASYMMETRIES 
IN p — p COLLISIONS 

A. production in p — p collisions 

In p-p collisions the production mechanisms of B + and 
B~ mesons are expected to be different because of the 
leading particle effect. In fact, since the B + = (ub) shares 
a valence quark with the initial protons and the B~ = 
(ub) shares none, it is expected that B + s be produced 
at a higher rate than B~s. The above differences in the 
production processes of B ± mesons in p-p collisions can 
be characterized by means of the so called production 
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asymmetry, which is defined by 

N B + - N B - 
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where N B ± are the number of B + and B~ mesons pro- 
duced at the interaction point. 

In order to measure the production asymmetry of 
Eq. [l] N B ± have to be determined by reconstructing B^ 
mesons decaying into a given final state. However, B 
mesons could decay violating the so called CP symme- 
try, thus spoiling the determination of N B + and N B - at 
the production vertex. To be concrete, let us start by 
considering B ± mesons decaying into an arbitrary final 
state /, 



f 
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and its charge congugated (c.c). If the CP symmetry is 
violated in the decay, then it follows that 
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Since 



N B+ ^ f 



= N B+ x BR(B+ -> /) 
= N B - x BR(B~ -)■ J) 
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then the production asymmetry of Eq. [T] has to be mod- 
ified to 
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where 
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Using Eq. [6j we can rewrite Eq. [5] as 
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which reduces to the usual formula of Eq.[T]when Aqp — 
0. A similar formula can be obtained for the production 
asymmetry as a function of y\ and/or Xp. The only 
difference with Eq.[7]will be the dependence in pj, and/or 
xf arising in N B ±^f, since the Aqp does not depend on 
the momentum of the produced particle. 

In order to give a numerical estimate of the effect, since 
there is no data on B production asymmetries in p — p 
collisions and Monte Carlo generators does not provide a 
meaningful prediction, we will assume that B produc- 
tion in p — p interactions is similar to that of Df produc- 
tion in £~ — Nucleus interactions. In £~ (dds)- Nucleus 
interactions, the D~ is leading. The SELEX Collabora- 
tion [B] has measured dN/dxF for both D~ and D+ and 
the production asymmetry also as a function of xf in the 
range [0.15,0.7] in 600 GeV/c beam energy interactions. 
The asymmetry as a function of xp is well represented 
by 



:{X F ) = 



(l-x F y- s - 1.5(1- x F )' 
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With the above assumption, the B ± asymmetry as a 
function of xp and Aqp in p — p collisions is given by 
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In Fig. [T] it is shown the effect of the CP asymme- 
try on the production asymmetry for Acp — 0.03 ± 
0.06, 0.038 ± 0.022 corresponding to B ± decaying 
into 7r + 7r~7r + and K + tt~tt + respectively, which are well 
suited modes to study B production. The effect can be 
barely noted, depending however on the error in the mea- 
surement of both, the production asymmetry and Ac p. 
For the integrated production asymmetry in the range 
x F 6 [0.15,0.7] we obtain A = 0.385±0.048, 0.378±0.018 
respectively, while for Acp — one gets A = 0.41, which 
is an effect of about 10%, depending on the decay mode 
in which the B ± s are reconstructed. 



However, for real B production in p — p collisions at 
a cm. energy of 7 TeV the production asymmetry is ex- 
pected to be smaller than in interactions at a lower cm. 
energy. The leading particle effect will be still opera- 
tive, but particle production from sea-sea quark recom- 
bination is expected to be enhanced. As this mechanism 
works for both, particle and antiparticle, the production 
asymmetry should be smaller, thus increasing the effect 
of the CP asymmetry. Once again, to have a numerical 
estimate let us assume that the B^ 1 production asymme- 
try at 7 TeV cm. energy is A — 0.2 when measured 
in a decay mode in which Aqp = 0. The raw asymme- 
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FIG. 1: The B asymmetry in p — p collisions as a function 
of xf- Full line is the fit to the SELEX Dg asymmetry in 
E~ — Nucleus interactions given by Eq.|8] Experimental data 
has been taken from Ref. [6]. The B asymmetry is shown for 
two different values of Acp (See the discussion in the text). 



try measured in the B + — » K + tt~tt + decay mode would 
amount to A = 0.16, showing that the correction by Acp 
is an effect of order 25%. 



B. B°/B production in p — p collisions 

Let us now consider B° /B production in p-p colli- 
sions. As in B ± production, leading particle effects are 
expected to play a role since B° = (db) shares valence 
quarks with the initial protons while B = (db) does not. 
However, B° / B production is somewhat more compli- 
cated than the previous cases because of the B° — B 
mixing. 

Once again, for the sake of concreteness, let us assume 
B° — >• / and its c.c. decay. Once a B° is produced at the 
interaction vertex, it can decay into /, or can oscillate to 
a B °, thus decaying into /. It means that the number 
of measured B° and B mesons decaying into / and / 
are related by 
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where N B o , N B are the number of B° and B mesons 
produced at the interaction point and N B xp , N^ p a are 

the number of reconstructed / and / final states, respec- 
tively. In Eq. 10 pa, pi, pi are the transition probabili- 
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is given 
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then the B° / B production asymmetry as given by Eq.[l] 
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In the case of mixing with no CP violation, the produc 



tion asymmetry of Eq. [13] reduces to 
'1 



A = 




AT exp 
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Notice also that no tagging needs to be used to know 
whether a B° or B is produced at the interaction point 
since the correct rate for B°/B production is accounted 
for by the transition probabilities of Eqs. |11| In other 
wor ds, t he number of tagged B° / B mesons is given by 
Eqs. 12 in terms of the reconstructed / and / final states. 

Having in mind that x d = 0.774 ± 0.008, y\ = 
-0.0003 ± 0.109 and \q/p\ - 1 for the B Q d [7 , it follows 
that (1 + r)/(l — r) ~ 1.6, which means an increase, due 
to mixing, of 60% in the raw asymmetry of Eq. |15| 

As in the previous case of B production, similar for- 
mulas to those of Eqs. [13] and [15] can be obtained for the 
production asymmetry as a function of p\ and/or xf- 



III. B-MESON CP ASYMMETRIES p — p 
COLLISIONS 



In flavor symmetric machines, like the Tevatron or 
e + — e~ colliders, it is customary to measure CP asymme- 
tries just by counting the number of particles and anti- 
particles in a given decay mode, making use of 

A CP . , (16) 
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where B + and B~ are respectively the leading and no- 
leading particles decaying into a given final state and its 
c.c. respectively. However, the use of the above equation 
is incorrect in flavor asymmetric machines like the LHC 
because N B +^.f ± N B -^j necessarily contains produc- 
tion effects. In fact, it is rather straightforward to show 
that the CP asymmetry, corrected by the effect of the 
production asymmetry, is given by 



A 



CP 



A 



1- A 



(17) 



which is formally identical to Eq. [7] once the replacement 



A <H> Acp has been made. Note however that Eq. 17 



of no practical use unless the production asymmetry, A, 
is previously measured independently of the CP asym- 
metry. The alternative is to use 



A C p = 



T(B+ -> /) - T(B- -> /) 
T(B+ ^ /) + T(B- ^ /) ' 



(18) 



which is equivalent to Eq. [3] since Bi?(B ± — !• /) = 
T(B ± —> f)/rp. The decay width T is measured in- 
dependently of the production asymmetry by means of 



r(B ± -> I) 



dN 



N B ±. 



dt 



(19) 



while the lifetime t b can be measured making use of 
Eq. [19] and summing over all the decay modes. 



The above discussion is not merely academic, but of 
rather practical consequences. In fact, there exist several 
CP related quantities which are measured by determin- 
ing N B +^f ± N B -^f. As an example let us consider a 
recently proposed method to search for CP asymmetries 
in Dalitz analysis [8], which is based on the measurement, 
bin by bin in the Dalitz plot, of the quantity 



Dp q N B+ ^ f (j)-N B -^ f (j) 



yjN B+ .+ f (i) + N B -^ f -(i) 



(20) 



The quantity of Eq. [20] has the property of being Gaus- 
sian distributed with mean /i = and width a = 1 
in the limit of large number of events, as can be eas- 
ily seen by calculating the error in Dp Scp as a function 
of the errors in N B +_+f(i) and N B -^jr(i) in the limit of 
N B +^f(i) — > N B -^j{i), when no production and CP 
asymmetries are present. Effects due to cither produc- 
tion or CP asymmetries in Dp Scp reveal through a shift 
of the center and a modification of the witdh of the Gaus- 
sian. 

In p — p colliders where production effects are at work, 
the above quantity does not measure the CP asymmetry 
alone, as discussed at the beginning of this section, but 
a combined effect of both, the CP and production asym- 
metry. Thought the production asymmetry is constant 
all over the Dalitz plot, the formula of Eq. [20]has to be 
replaced by 



Dp gA 
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to account for production effects. Eq.[2T]can be obtained 
from Eq. 20 with the replacement (A similar treatment 
is made in Ref. [9], in a different context.) 



N B -^f(i) o N B -^j(i) 



N B -^f(i) 



l + A 



I- A ' 

(22) 

where N B +(N B ~) is the total number of particles (an- 
tiparticles) produced at the interaction vertex. In the 
absence of CP violating effects, Dp Sq P is Gaussian dis- 
tributed with mean fi A — and width a A which is a com- 
plicated function of N B +^f(i), N B -^jr(i), A and their 
errors. We refrain to show the mathematical form of a A 
because it is of no particular utility and can be easily 
found by calculating the error on Dp S A P . CP-violating 
effects can still be seen in Dp S A P by looking for devia- 
tions from /i A = 0. In addition, it is important to remark 



that the departure from zero of the mean /i A and the 
value of <j A is dependent on the number of events in the 
particular bin/region of the Dalitz plot, making absolute 
measurements of the effect impossible, unless the effect of 
the statistics on \i A and cr A be known. This behavior is 
due to the presence of the square root in the denominator 
of Eqs.|0]and[2l] 

The use of the above method to look for CP violation 
in the Dalitz plot presupposes that the production asym- 
metry A has been measured independently of the CP 
asymmetry, using a control channel free of CP-violating 
effects. In addition, attention has to be paid to the fact 
that the asymmetry A has to be measured in the same 
momentum range in which the decaying particles are se- 
lected for the Dalitz analysis. 

Of course, any detector effect leading to asymmetries 
in the measurement of the number of particles and an- 
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tiparticles has to be very well understood, since it can be 
easily misinterpreted as a CP asymmetry. 

IV. CONCLUSIONS AND FURTHER 
DISCUSSION 

In this paper we have discussed the effect of CP vio- 
lation and mixing in the measurement of the production 
asymmetries. As shown in the text, the effect can be 
non-negligible, of order of a few percent, even in cases 
in which the CP symmetry is violated in the decay by a 
small amount. The effect of mixing is much more pro- 
nounced. 

The CP asymmetries and mixing parameters can al- 
ways be measured independently of production effects in 
p — p colliders, however paying attention to the fact that 
any measurement has to be done properly, i.e. by re- 
sorting to their definitions in terms of decay widths or 
branching fractions. In fact, iiip-pore + -e _ colliders, 
where no production asymmetries are expected, quanti- 
ties like Np^ f ± Np^f and T(P -> /) ± T(P -> /) are 
equivalent, however, mp— p colliders they are not because 
the first acount for both, differences in the decay widths 
and asymmetries in the production, while the second has 
to do only with the dynamics of the decays. This is of 
particular importance for the LHC experiments, in order 
to perform precision measurements of CP asymmetries 
and mixing parameters. 

For those CP-violating measurements relying on 
Np-yf ± Np^j, as a general rule and to account for 
production effects, N-p^j has to be normalized by a fac- 
tor of Np/N-p, where Np and N-p are respectively the 
total number of particles and antiparticles produced at 
the interaction vertex, and measured in the same mo- 
mentum range in which the decaying particles have been 
reconstructed. That normalization factor has to be de- 
termined by using a control channel free of CP-violating 



effects. This is of particular importance in the determi- 
nation of possible CP asymmetries in the charm sector 
since, if existent, they are expected to be much smaller 
than any production effect. 

The reader should also be aware that the quantity 
Dp Sq P ( Dp Scp) is dependent on the population of the 
bin, meaning that in different regions of the Dalitz plot, 
the effect of possible CP asymmetries is different. The 
same is valid also for the production asymmetry. In fact, 
the departure from fi = of Dp Scp depends on the pop- 
ulation of the given region of the Dalitz plot, since nu- 
merator and denominator of Eq. [20] scale in a different 
way with N . 

Conversely, the measurement of particle/antiparticle 
production asymmetries requires first of the determina- 
tion of the CP asymmetries and/or mixing effects in the 
particular decay channel in which particle and antiparti- 
cles are being reconstructed. This cannot be avoided, as 
CP asymmetries and/or mixing effects have to do with 
the dynamics of the particular decay mode in which parti- 
cles are reconstructed. Fortunately, CP asymmetries and 
mixing effects can always be measured independently of 
production effects. 

Finally, we would like to emphasize that, although 
along the text the discussion has been focused on the pro- 
duction of B-mesons in p—p collisions, it can be extended 
with almost no changes to the production of particles and 
antiparticles in any flavor asymmetric machine. 
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